Stress granule (SG) formation is generally triggered as a result of stress-induced translation 22 arrest. The impact of SG formation on virus replication varies among different viruses, and the 23 significance of SGs in coronavirus (CoV) replication is largely unknown. The present study 24 examined the biological role of SGs in Middle East respiratory syndrome (MERS)-CoV 25 replication. MERS-CoV 4a accessory protein is known to inhibit SG formation in expressed cells 26 by binding to double-stranded RNAs and inhibiting protein kinase R (PKR)-mediated eIF2α 27 phosphorylation. Replication of MERS-CoV lacking genes 4a and 4b (MERS-CoV-Δp4), but not 28 MERS-CoV, induced SG accumulation in MERS-CoV-susceptible HeLa/CD26 cells, while 29 replication of both viruses failed to induce SGs in Vero cells, demonstrating cell type-specific 30 differences in MERS-CoV-Δp4-induced SG formation. MERS-CoV-Δp4 replicated less 31 efficiently than MERS-CoV in HeLa/CD26 cells and inhibition of SG formation by siRNA-32 mediated depletion of the SG components promoted MERS-CoV-Δp4 replication, demonstrating 33 that SG formation was detrimental for MERS-CoV replication. Inefficient MERS-CoV-Δp4 34 replication was neither due to induction of type I and type III interferons nor accumulation of 35 viral mRNAs in the SGs. Rather, it was due to inefficient translation of viral proteins, which was 36 caused by high levels of PKR-mediated eIF2α phosphorylation and likely by confinement of 37 various factors that are required for translation in the SGs. Finally, we established that deletion 38 of 4a gene alone was sufficient for inducing SGs in infected cells. Our study revealed that 4a-39 mediated inhibition of SG formation facilitates viral translation, leading to efficient MERS-CoV 40 replication. 41 42 43 on August 3, 2018 by UNIV OF SUSSEX http://jvi.asm.org/ Downloaded from Importance 44 Middle East respiratory syndrome coronavirus (MERS-CoV) causes respiratory failure 45 with a high case fatality rate in patients, yet effective antivirals and vaccines are currently not 46 available. Stress granule (SG) formation is one of the cellular stress responses to virus infection 47 and is generally triggered as a result of stress-induced translation arrest. SGs can be beneficial or 48 detrimental for virus replication, and the biological role of SGs in CoV infection is unclear. The 49 present study showed that MERS-CoV 4a accessory protein, which was reported to block SG 50 formation in expressed cells, inhibited SG formation in infected cells. Our data suggest that 4a-51 mediated inhibition of SG formation facilitates the translation of viral mRNAs, resulting in 52 efficient virus replication. To our knowledge, this is the first report showing the biological 53 significance of SG in CoV replication, and provides insight into the interplay between MERS-54 CoV and antiviral stress responses.
Introduction
was not limited to HeLa/CD26 cells. These data showed that MERS-CoV-Δp4-induced SG 180 formation was cell type-dependent.
182
Growth kinetics of MERS-CoV-WT and MERS-CoV-Δp4 in Vero and HeLa/CD26 cells. 183 To glean whether SG formation affects virus replication, we next examined the growth kinetics 184 of MERS-CoV-WT and MERS-CoV-Δp4 in HeLa/CD26 and Vero cells. In HeLa/CD26 cells, 185 the titers of MERS-CoV-WT were significantly higher than those of MERS-CoV-Δp4 at 18 and 186 24 h p.i. at an MOI of 0.01, and were also higher at 12, 18, and 24 h p.i. at an MOI of 3 ( Fig. 2A) . 187 In Vero cells, both viruses replicated similarly at an MOI of 0.01, while titers of MERS-CoV- 188 WT were higher than those of MERS-CoV-Δp4 at 24, 36, and 48 h p.i. at an MOI of 3 ( Fig. 2B) . 189 As SG formation did not occur in MERS-CoV-Δp4-infected Vero cells, the differences in virus 190 titers among the two viruses in Vero cells were not due to SG formation. At high MOI infection, 191 the difference in the maximum virus titers between the two viruses in Vero cells (~3.3-times at 192 48 h p.i.) were less prominent than in HeLa/CD26 cells (~12-times at 18 h p.i.). Considering the 193 fact that MERS-CoV-Δp4 replication induced SGs in HeLa/CD26 cells, not in Vero cells, these 194 results suggested that the SG formation negatively affected virus replication. 195 196 Phosphorylation status of PKR and eIF2 and translation activities in infected cells. 197 MERS-CoV 4a protein inhibits PKR phosphorylation by binding to dsRNAs and sequestering 198 dsRNAs from PKR (53), yet the effects of 4a on PKR activation and eIF2 phosphorylation in 199 infected cells are unknown. We found that phosphorylation levels of PKR and eIF2 were 200 clearly higher in HeLa/CD26 cells infected with MERS-CoV-Δp4 than in those infected with 201 MERS-CoV-WT (Fig. 3A) . In contrast, both viruses induced low levels of PKR phosphorylation 202 on August 3, 2018 by UNIV OF SUSSEX http://jvi.asm.org/ Downloaded from and eIF2 phosphorylation in Vero cells (Fig. 3B ). As expected, 4a and 4b proteins accumulated 203 in MERS-CoV-WT-infected cells, but not in MERS-CoV-Δp4-infected cells (Figs. 3A and 3B) .
204
Appearance of two 4a protein bands suggest that the 4a accessory protein underwent 205 modification, the nature of which is unknown, in infected cells. 206 We next investigated the extent of host and viral protein synthesis by pulse radiolabeling 207 of the cells with 35 S-methinone/cysteine. In HeLa/CD26 cells, both viruses clearly induced 208 translation suppression after 9 h p.i., with stronger inhibition in MERS-CoV-Δp4-infected cells 209 than in MERS-CoV-WT-infected cells ( Fig. 3C ). Also, the synthesis of viral-specific proteins 210 was lower in MERS-CoV-Δp4-infected cells than in MERS-CoV-WT-infected cells after 9 h p.i.
211
Thus, there was an inverse correlation between the extent of phosphorylation of PKR/eIF2α and 212 translation activities in infected HeLa/CD26 cells. In Vero cells, synthesis of virus-specific 213 proteins was notable after 24 h p.i., and levels of host protein synthesis were similar among 214 mock-infected cells, MERS-CoV-WT-infected cells, and MERS-CoV-Δp4-infected cells (Fig. 215 3D). These data imply that low levels of eIF2 phosphorylation did not inhibit host and viral 216 protein synthesis in infected Vero cells.
217
To further establish that MERS-CoV-Δp4 inhibited efficient viral protein synthesis in 218 HeLa/CD26 cells, we examined the abundance of viral mRNAs and proteins in infected 219 HeLa/CD26 cells. Northern blot analysis showed similar levels of viral mRNA accumulation 220 between MERS-CoV-WT-and MERS-CoV-Δp4-infected cells at different times p.i. (Fig. 4A ).
221
Due to deletion of the ORFs 4a and 4b, mRNAs 1-3 of MERS-CoV-Δp4 migrated faster than 222 those of MERS-CoV-WT in the gel. Quantitative RT-PCR showed that mRNA 1 and mRNA 8 223 encoding N protein accumulated to similar levels in MERS-CoV-WT-and MERS-CoV-Δp4-infected cells (Figs. 4B and 4C) . These studies established that depletion of the ORFs 4a and 4b 225 had little impact on accumulation of viral mRNAs.
226
Western blot analysis showed that the viral structural proteins S, M, and N, accumulated 227 similarly in both viruses at 6 h p.i., while at 9 h p.i., when PKR-mediated eIF2 phosphorylation 228 had occurred (Fig. 3A) , the viral structural proteins accumulated to higher levels in MERS-CoV-
229
WT-infected cells than in MERS-CoV-p4-infected cells (Fig. 4D ). Similar results were noted at 230 12 h p.i. (Fig. 4D ). These data established that translation of viral proteins was indeed inefficient 231 in MERS-CoV-p4-infected cells.
232
We interpreted these data as the following: 1) MERS-CoV-Δp4 replication in HeLa/CD26 cells that were depleted of TIA-1 or both G3BP1 and G3BP2 (G3BP1/2) by siRNA 288 treatment. The siRNAs targeting TIA-1 and those targeting G3BP1/2 efficiently reduced levels 289 of TIA-1 and G3BP1/2, respectively. (Fig. 7A ). Depletion of TIA-1 or G3BP1/2 did not prevent 7C). In TIA-1-depleted cells, the translation inhibitory effects caused by MERS-CoV-Δp4 were 306 less prominent at 9 and 12 h p.i. (Fig. 7C ). We performed similar experiments by using cells 307 depleted of G3BP1/2 and found that depletion of G3BP1/2 induced less pronounced translation 308 inhibitory effects at 9 and 12 h p.i. in MERS-CoV-Δp4-infected cells (Fig. 7D ). Western blot 309 analysis showed that accumulation of structural proteins of MERS-CoV-Δp4 was stronger in 310 cells depleted of TIA-1 or G3BP1/2 than in control siRNA-treated cells (Fig. 7E) , whereas 311 depletion of TIA-1 or G3BP1/2 did not affect accumulation of viral mRNAs, mRNA 1, and 312 mRNA 8 (Fig. 7F) . These data demonstrated that inhibition of SG accumulation promoted 313 translation of viral and host proteins.
Because SG formation occurs downstream of eIF2phosphorylation, we anticipated that 315 inhibition of SG formation by depletion of TIA-1 or G3BP1/2 would not affect the status of 316 eIF2 phosphorylation in infected cells. Consistent with this anticipation, depletion of TIA-1 or 317 G3BP1/2 did not alter eIF2 phosphorylation levels in MERS-CoV-Δp4-infected HeLa/CD26 318 cells and MERS-CoV-WT-infected HeLa/CD26 cells ( Figs. 7G and 7H) . These data revealed 319 that increased viral gene expression of MERS-CoV-Δp4 in cells depleted TIA-1 or G3BP1/2 was 320 not due to changes in eIF2 phosphorylation.
321
Taken together, these data were consistent with a notion that SG formation prevented 322 translation by sequestering various factors that are involved in translation to SGs and preventing 323 them to engage translation, leading to inefficient virus replication. CoV-4a) (Fig. 8A ). Immunofluorescence analysis using specific antibodies for SG markers, 329 TIA-1, or G3BP, together with MERS-CoV N protein, showed accumulation of SGs in MERS-
330
CoV-Δ4a-infected cells ( Fig. 8B and C ). There were no notable differences in the quantity of 331
SGs per cell or the number of SG-positive cells between MERS-CoV-∆p4-infected and MERS-332
CoV-∆4a-infected cells. As expected, accumulation of 4b protein, but not 4a protein, occurred in 333 MERS-CoV-4a-infected cells (Fig. 9A) , demonstrating that 4a accessory protein alone was 334 sufficient for inhibiting SG formation in infected cells. Efficient phosphorylation of PKR and 335 eIF2occurred in MERS-CoV-Δ4a-infected cells (Fig. 9A) , establishing that 4a protein alone 336 was sufficient for inhibition of PKR-mediated eIF2 phosphorylation in infected cells. Pulse radiolabeling experiments showed less efficient translational activities in MERS-CoV-Δ4a-338 infected cells than in MERS-CoV-WT-infected cells after 9 h p.i. (Fig. 9B ), suggesting that a 339 combined effect of SG formation and efficient eIF2 phosphorylation caused strong translational 340 suppression in MERS-CoV-Δ4a-infected cells. There were not substantial differences in the 341 accumulation levels of viral mRNAs between MERS-CoV-Δ4a-infected cells and MERS-CoV-
342
WT-infected cells, except that the former had slightly lower levels of mRNA 4 than the latter 343 ( Fig. 9C ). Accumulation of viral structural proteins was higher in MERS-CoV-WT-infected cells 344 than in MERS-CoV-4a-infected cells (Fig. 9D) , demonstrating that 4a protein inhibited viral 345 translation without affecting viral RNA accumulation. We suspect that inefficient translational CoV-WT-infected cells (Fig. 9A) . MERS-CoV-4a replicated less efficiently than MERS-CoV-349 WT in HeLa/CD26 cells, regardless of the MOI (Fig. 9E) . In contrast, both viruses replicated to 
377
We observed cell type-dependent SG formation in MERS-CoV-Δp4 infection; SG 378 formation occurred in HeLa/CD26 cells and 293/CD26 cells, but not in Vero cells (Fig. 1) . Our 
397
Translation of viral proteins were less efficient in MERS-CoV-p4-infected HeLa/CD26 398 cells than in MERS-CoV-WT-infected HeLa/CD26 cells (Fig. 4D) . Likewise, inefficient viral 399 protein synthesis occurred in MERS-CoV-4a replication (Fig. 9B) . In contrast, the amount of 400 viral mRNAs were similar in these cells (Figs. 4B, 4C, 9C ). As nsp3-nsp16 and N proteins (13, 401 60, 61) drive viral RNA synthesis, it is somewhat puzzling that difference in the translational 402 efficiency of viral proteins did not result in differences in the accumulation of the viral mRNAs. 403 We noted that these three viruses showed similar levels of translational activities (Figs. 3C and Fig. 7G and H) . These data strongly suggest that SG formation itself interfered with translation.
438
As viral mRNAs are not confined in the SGs (Fig. 6) , we suspect that the confinement of various of MERS-CoV-WT (Fig. 7) . These data suggested that the inhibition of SG formation by 443 depleting TIA-1 or G3BP1/2 was more pronounced than the effect of TIA-1 and G3BP1/2 for 444 promoting virus replication. Some viruses, e.g., flaviviruses and alphaviruses, inhibit SG 445 accumulation by using certain SG components for viral RNA synthesis (63-65). Accordingly, Northern blot analysis. Total cellular RNAs were extracted from mock-infected cells or 567 infected cells as described above. A DIG-labeled riboprobe, corresponding to nt 29,084 to 568 29,608 of the MERS-CoV genomic RNA, was used to detect MERS-CoV mRNAs as described 569 previously (56). 
